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Abstract

An attitude sensing system utilizing the properties of ambient positive ions

was developed and successfully flown on Gemini Spacecrafts X and XII. In this
device the outputs of two planar electrostatic analyzers mounted symmetrically

about the appropriate axis are combined to give directly pitch and yaw angles.
Comparison of the flight results with those obtained slmultaneously with an on-
board inertial guidance system shows that over the angular range for which the ion

sensing system was designed, ± d.0 deg, the average values are in good agreement.
The in-flight results also provided a unique description of the distribution of

charged particles around the spacecraft, including the wake region, and new in-

formation on the motion of the neutral winds and the mean ion drift motion in the

upper atmosphere relative to the earth's rotation.
The system could be readily adapted or mvodified for automatic control of

manned or unmanned rockets, satellites, or supersonic aircraft. Significant re-
ductions in required weight, power, volume, warm-up time, response time, and

cost make this a potentially valuable tool for future space flight.
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Positive Ion Sensing System for the Measurement of
Spacecraft Pitch and Yaw, Air Force D-1O

Experiment Flown on Gemini X and XII

L.M. TODUC!ITION

A system oIr measuring spacecraft pitch and yaw with respect to the space-

craft's velocity vector, utilizing the properties of positive ions, was developed by
scientists and engineers at the Air Force Cambridge Research Laboratories. It
was flown successfully on Gemini Spacecrafts X and XI1

The primary purpose of this experiment was to determine the feasibility of
measuring spacecraft pitch and yaw angles by using the properties of environmental
positive ions and the appropriate electrostatic probe configuration.

Secondary objectives included: (a) measuring the distribution of ambient
thermal ions along the satellite trajectory; (b) measuring the distribution of the
charged particles in the satellite wake (also mapping the distribution of charged
particles around the spacecraft from results obtained during controlled maneuvers);
and (c) determining the relative motion of the upper-air ion drift with respect to
the neutral winds and to the rotation of the earth.

The results have shown that environmental positive ions can be utilized to I
measure spacecraft angular position or attitude with respect to the orbital plane
and direction of motion. By adding a horizon detector to give the local vertical,
a complete earth-centered attitude determination system can be realized. By
adding a command mechanism at the output for the control of reaction jets or

(Received for publication 28 September 1967)
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reaction wheel, etc., this instrumentation could be converted to an automatic

attitude-control device. It would also largely eliminate the need for telemetry

instrumentation as well as the errors introduced in data transmission to and from
ground stations.

This technical report contains a discussion of the theory, background, and

development of this device as well as the most significant results and general

conclusions concerning the utilization of such a system.

2. B.\I:Kt;RiII'NI)

For several years, members of the Space Electricity Group at AFCRL have

been studying the properties of charged particles in the upper atmosphere. The

work has included investigations in the ionosphere, exosphere, magnetospheric

cavity transition region, and interplanetary gas. The results have shown that in

the region from 60 miles to at least 10 earth radii, the random thermal velocity

of the positive ions is 3 to 10 times less than the average spacecraft velocity. The

measurement of envi'.onmental positive ions and their properties is, therefore,

highly dependent on spacecraft attitude.
We have provided information to various Department of Defense Groups (in-

cluding SSD, NASA personnel concerned with spacecraft control, and private
companies interested in attitude sensing) during the past 4 years. Both environ-

mental data and Ihe specific properties of planar electrostatic analyzers relevant

to attitude sensing were discussed. For example, we showed analytically that

two sensors properly located with respect to the direction of motion and the axis
of interest of the spacecraft could be used to make precision measurements of

pitch and yaw angles. During May and June 1964, representatives from the

Research and Technology Directorate, SSD, Los Angeles, requested that we de-
velop such EL system and integrate it for flight on two Gemini spacecrafts. A
number of factors entered into the Air Force interest in the development and "in-
flight" evaluation of such a system. These included yaw-measurement weaknesses

in the inertial system, and the high cost, weight, power consumption, inadequacy

to some missions, etc., of existing inertial systems.

2.1 Scho('luI

We were given official authority to develop this 'Cri,'.', in April 1964; the

first flight on Gemini X was flown in August 1966. Ti flight, Gemini XII,

was flown in November 1966. There were approximately 27 months between the

initiation of the development of the experiment and its operation in-flight.
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The principal constraints imp ' by the schedule were those associated with
working with a spacecraft that ha, been fully designed before we entered the pro-
gram. For example, we considered it desirable on the initial tests of the exper-
iment to extend the boom at least 3 ft from the spacecraft, because of various pro-
tuberances on the spacecraft. This could not be implemented since a "major" re-
design would be involved.

Because of our previous experience with low-current measuring devices, and
our studies concerning the properties of environmental positive ions, we were able
to complete the design and development, testing, integration, etc., of the ion
sensing system in the time allotted.

2.2 Tre.,ting

The testing procedures for the experiment were worked out at AFCRL, con-
sistent with both our own experimental practices and the special requirements
impcsed by working with the Gemini spacecraft system. The specific documents
giving us operating constraints, environmental conditions at the spacecraft during
flight, launch conditions, electrical tests, etc., were supplied to us by Detach-
ment 2, SSD, at the Manned Space Flight Center. They included both McDonnell
Aircraft and Manned Space Flight Center documents.

After the initial laboratory development was completed, Pre-Delivery Ac-

ceptance tests (PDA), Pre-Installation Acceptance tests (PIA), 4nd mechanical
and electrical specifications were imposed on the subcontractors.

The time allotted for integrating the equipment on the spacecraft was approx-
imately 3 days. This period was not continuous as other spacecraft operations

had higher prirlity. The specific integration test included: the optical alignment
of the experimental apparatus to insure that it would be pointing along the appro-
priate axis with a precision of 0. 25 deg; the electrical interface, including pow-
er and telemetry tests; and testing of the pyrotechnics used for boom extension
and deployment of the protective cover on the sensor. It also included mechanical
integration of the equipment on the spacecraft.

The major environmental testing was conducted at the integration plant
(McDonnell Aircraft Corp.). At Cape Kennedy, tests were performed to demon-
strate that the experiment package was functioning properly and to provide final
preflight electrometer calibrations.

2.3 TechniviI Problhm.. Enruntrr,

Two types of problems arose as the experiment was developed: those involv-
ing interface with the spacecraft which could jeopardize the objectives of the ex-
periment, and those common to the development of any new experimental system.
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One interface problem that arose concerned the length of the booms on which

the experimental equipment was mounted. We requested that the booms be approx-

imately 3 ft long to minimize spacecraft interference with the sensors, but due to

the positioning of the doors on the spacecraft their length had to be decreased to

about 15 to 17 in. Some realignment and interchange of sensors was necessary to

maximize the "look" angle of the experiment.

Another problem that had to be solved was that of protecting the sensors

mounted in the aft section of the spacecraft against contamination from the pre-
launch and launch environment. This problem was solved by retracting the exper-
iment inside the aft section before orbital injection. A special container built to

protect the sensors opened in flight after boom deployment.

2. 1 Technical Contributions Related to Development

The principal technological developments realized from the design of this ex-

periment are extremely stable electrometers that are capable of obtaining an ac-

curacy of 0. 25 deg, and the logic and operational circuits that do not drift under

wide temperature variations, the launch environment, etc.

3. THEORY

In the altitude range from 60 miles to 10 earth radii, positive ions and elec-

trons produced primarily by photoionization exist in equal concentrations. The

number density varies greatly in space and with time; for example, the charge
6density reaches a maximum of the order of 10 per cc in the vicinity of the F

region maximum at approximttely 350 km and decreases to approximately 102 per

cc at about 10 earth radii. There are also great variations in the number densities

on the day and night side of the earth, in the vicinity of the geomagnetic equator,

and in the lower ionosphere below approximately 1000 km.

Very rapid increases in ion and electron concentrations occur at sunrise due

to photoionization and dissociation of the neutral atmosphere constituents. More

gradual decreases in density occur at local sunset when recombination and dif-

fusion become important. This is illustrated in Figure 1 which gives the results

of positive ion measurement we obtained with spherical electrostatic analyzers on

a Discoverer satellite (Sagalyn et al., 1965).

The average energy of the charged particles varies from about 0. 01 eV at

100 km to approximately 4. 0 eV at 10 earth radii. The kinetic temperature of

the charged particles in the altitude range covered by the Gemini spacecraft varies

from approximately 2500 K to about 30001 K (Sagalyn et al, 1965; Dalgarno et al,

1963).
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where Figure 1. Variation of Positive Ions in
the F Region on One Complete Orbit

T = temperature in degrees Kelvin
m =mass in grains

v thermal velociy in centimeters per second.

Substituting in Eq. (1) representative values for temperature and mass of the

positive ions, one finds that their random thermal velocity varies between 0. 8 and
I km/sec over the altitude range of the Gemini spacecraft orbit. Satellites orbit-
ing in the upper ionosphere have varying average velocities, depending upon the

nature of the orbit; however, typical satellite speeds vary between 7 and 11 km/sec.
The spacecraft velocity is, therefore, approximately 10 times greater thRn the

average thermal velocity of the positive ions.

Relative to the spacecraft, the positive ions possess negligible velocity
(Sagalyn 1967). It should be noted that the situation is very different for electrons
since their average mass is approximately 104 times less than that of the ions.

Applying Eq. (1) one calculates that the average electron velocity is about 30 times
greater than the vehicle velocity. The fact that positive ions may be considered

stationary with respect to the spacecraft velocity is fundamental to the operation 4
-)f the ion attitude sensing system.

If one uses a planar electrostatic analyzer of the type illustrated in Figure 2,
it can be shown that the current to the collector is simply related to both the pos-

itive ion density in the medium and to the angle between the normal to the plane of

the sensor and the vehicle velocity vector. As shown by Sagalyn (1967), when the
ratio of the satellite velocity to the random velocity of the ions is greater than or
equal to 2, and with grid and collector voltages as indicated in Figure 2, the cur-
rent i to the collector is given by:
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-2

-20V

I ~To electrometer and
I gvoltage supplies
II

Collector
Photo -emission Suppressor
Aperture Grid

Figure 2. Example of Electrode Arrangement
and Voltages Applied to the Planar Electro-
static Analyzer

i ANe VI fv) a

where

A * aperture area

N x the positive ion density

e • the particle charge

II a magnitude of the ion velocity, a function of the satellite velocity and

porition of the sensor with respect to the direction of motion

f(v) x a function of the vehicle potential with respect to the undisturbed

plasma
a = an experimentally determined transmission factor for the grid

electrodes.

The manner in which these principles were applied to the attitude experiment

flow on Geminis X and XII are described in the next section of this report.

The system was designed to transmit the output angles to the ground via

telemetry (both on tape and in real time) and to the flight director's indicator. In

addition, the outputs of the individual electrometers of the system were recorded

and transmitted to give: charged particle density along the satellite orbit, the

distribution of charged particles around the spacecraft including the wake, and

information concerning the relative drift motion of positive ions at the Gemini

orbital altitudes. The most important operational result is the comparison of the

pitch and yaw angular measurements with the outputs of the inertial system.
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4. EXPERIMENT

4.1 General Deription

Two planar electrostatic analyzers with a sensor configuration as indicated in

Figure 3 were utilized in this experiment.

SENSOR 11

" _" TO I[LI[CTROMETIR I .

Collector
uppressor Grid ."

Aperture Grid -

Figure 3. Pitch System Sensor Arrangement
and Applied Voltages

As mentioned above under THEORY, when the ratio of the satellite velocity
to the random velocity of the ions is greater than or equal to 2, and with grid and
collector voltages as indicated in Figure 3, the current i to the collector of a

planar electrostatic analyzer is given by:

i - ANe IVI f(v) a (3)

where

A - aperture area

N - positive ion density

e a particle charge

IVI = magnitude of the ion velocity, a function of the satellite velocity and
position of the sensor with respect to the direction of motion

fAv) z a function of the vehicle potential with respect to the undisturbed

plasma
a = experimentally determined transmission factor for the grid electrodes.
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In the ionosphere the satellite velocity is 6 to 10 times greater than the random

ion velocity; therefore, the ions are considered fixed and the magnitude of the ve-
locity I V I is equal to v s cos 0 , where v s is the spacecraft velocity and 0 is the

angle between the direction of motion of the vehicle and normal to the plane of the

sensor. Equation (3) then becomes:

I ANev s cos0 f(v) a . (4)

It is seen from Eq. (4) that the planar sensor current is highly dependent on

its orientation with respect to the direction of inotlo*. This faci is fundanrr-tal to

the understanding and operation of the Ion attitude sensor. For yaw measurL -nt,

two identical sensors are aligned at 45 deg with respect to the plane of zero ya..

An identical sensor system, mounted symmetrically about the zero pitch plane, is

used to measure pitch angles. These two independent systems are mounted on

booms approximately 2 ft long in the aft section of the spacecraft. They are ex-

tended on command by the astronaut at the appropriate time after orbital injection.

The location of the booms and sensors on Gemini Spacecrafts X and XII is shown

in Figure 4. The location of the sensors and the boom lengths are set to minimize

the influence of spacecraft.wake, contamination, and space charge effects.

ION SENSORS EXTENDED

CONTROL PANEL
ION SENSORS RETRACTED

Figure 4. Location of Experiment D-10 Pitch and Yaw
Experiment on Gemini Spacecraft



The principle of operation of the ion attitude sensor can best be understood by t

IA
first considering the measurement of pitch. Except for the change in alignment as

indicated above, the analysis of the yaw measurement is identical. With two sen-

sors aligned symmetrically about the pitch axis as shown in Figure 2, the current 4-
to the collector of each sensor is given by:

I  Nev s a A cos(45-0) (5)

I,. * Nev s a A cos(45+0) (6)

where

= current to sensor 1

= current to sensor 2

0 pitch angle (in degrees).

Solving Eqs. (5) and (6) for 0 one obtains:

i - f2

Tan 0 + (7)
1+12

For 0 less than or equal to 26 deg, tangent 0 is equal to 0, in radians.

From Eq. (7) it is seen that the output of the sensors may be displayed on a

meter calibrated directly in degrees "0" for small angles and in "tangent 0" in

general for all angles. It should also be observed that changes in charge density

N or satellite velocity V. do not affect the angular measurement.

A block diagram of a given system (pitch or yaw) is shown in Figure 5. The
output of each sensor is amplified by electrometers 1 and 2. In order to obtain

the desired accuracy over the current range of 10"6 to I0"1l A, linear amplifiers

with range switching covering five current decades are employed. The outputs of

electrometers I and 2 are then electronically added, svbtracted, integrated, and

compared. The final output tangent 0, referred to as the compared output, is sent

to the flight directors's indicator, to an on-board magnetic tape that is periodically j
transmitted to ground stations, and in real time to a few ground stations.

In order to fully evaluate the experimental system, to obtain information on

the ambient ion densities and on the distribution of positive ions in the wake of the

vehicle, the direct outputs of electrometers 1 and 2, the range analog indicator,

and calibration monitors are also transmitted through telemetry. These latter

t
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POWER SUPPLIES INTEGRAT. OUTPUT

ELEMETRY

CO;IrPOL
ME rER

Figure 5. Block Diagram of Ion Yaw/Pitch Sens:-. System

outputs would not be required in an operational system. It should be noted that
while the Gemini D-10 experiment was designed for precise pitch and yaw angular
na,.7ement,% over the range + 20 deg, there is no basic limitation to the mag-

nitude of the angle to be measured. The required resolution, response time, and

so forth, vary with the specific application of the system. A simple engineering

modification of the ratio circuits would be involvw d for varying systems require-
ments.

These boom-mounted experiments were extended on astronaut command after
orbital injection. An additional command was subsequently given to expose the

sensors. The prihcipal operations in flight were the astronaut maneuvers out-
lined below under FLIGHT TEST L The astronauts were also requested to peri-
odically examine the inertial and ion sensor outputs, as shown on the flight direc-
tor's rheters, and transmit their comments about the operation through the on-
board voice tape recorders.

1.2 Instrumentation

Two independent systems were flown on each vehicle, one for the measure-

ment of pitch and one for the measurement of yaw. Each system was identical
except for its orientation to the plane of zero pitch or yaw. Each system included

an electronics package and a sensor unit placed in a single container and mounted
on a boom that was extended approximately 2 ft from the aft section after orbital
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injection. This in not a necessary configuration for obtaining pitch and yaw ineas-
urements. The'best configuration for the electronics section and sensor unit is
dependent upon the shape of the satellite and on the space and weight distribution

possibilities available.

The electronics package, which measured 4X6X5 in. and weighed 2. 5 lb,

was contained in a magnesium box as shown in Figure 6. The wiring of the circuit

boards in the electronic section is shown in Figure 7.

A photograph of the sensor unit is shown in Figure 8. Its overall dimensions

'were 3X6X5 in.and it weighed 4 Ib, including an alignment fixture.

PROJECT GEMINI ir
AIR FORCE EXPERIMENT D-10

PROPERTY OF
U.S.A.F CANIRIOGE RLKSAR€C LABORATORIES

PROTrOTYPE-UIT PART NO. ,iF 69001

Figure 6. Positive Ion Attitude Sensor Package With View of Electronics Section

The input to the experiment was the positive ion current flow to the sensors.
There were seven outputs from each system. For the pitch system these included:

pitch,angle; electrometer I output; electrometer 2, output; calibration monitors
for electrometers I and 2; electrometer range indicator; and temperatures mon-

itored at two positions on-the electronics package to give the operating temperature

of the unit.

The logic circuit in the electronics package was designed to apply an internal

calibration to electrometers 1 and 2 at intervals of approximately 50 min. Outputs

were also designed to indicate that the pitch boom had deployed.
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mr

Figure 7. Wiring of Circuit Boards in Electronics Section

Figure 8. Ion Attitude Sensor With Alignment Fixture
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The yaw system outputs were similar to those described above for the pitchsystem. In an operational device only the angularvalueswould be required. Addi-
tional photographs of the equipment are given in Figures 9 and 10.

Photographs of the equipment mounted on the aft section of the spacecraft are
shown in Figures 11 and 12.

II

Figure 9. Experiment Package with Sensors Exposed

Figurb 10. Experiment Package With Back Plate leroved
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Figure 11. D-10 Experiment Package Mounted on
Boom Extended From Aft Section of Spacecraft

Figure 12. D-10 Experiment Boom Inside Aft Section of Spacecraft
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5. FIIGHT TEST I-FI.I;IIT PlAN

The first flight test of Experiment D-10 took place on Gemini X in Augustl966
to determine the feasibility of orbital pitch and yaw determination by ion sensing.

Outlined below is pertinent iniorination regarding Flight Test I.

5.1 Mission is Planned

5. 1. 1 OPERATIONAL PROCEDURES

-These included turn-on procedures which required the astronauts to supply
commands for boom deployment and removal of the protective covers on the sensors
after orbital injection and application of power to the experiment. The principal
astronaut activities with respect to the D-10 experiment were the in-flight maneuvers
outlined below to accomplish the primary and secondary objectives of the experiment.

SPACECRAFT SYSTEMS CONFIGURATION

1. Undocked.
2. Agena power C/B - Closed.

3. Other systems are dependent on particular sequences.

NOTE: The experiment must be completed during a continuous period of time in-
volving no firing of the vertical and lateral thrusters. Firing of thescthruste's

may severly degrade the sensors once-their covers are released., Firing of any
other thrusters should not affect the sensors.

PROCEDURES

MODE A - Equipment Extension and Activation
1. Bus Arm Switch - EXP

2. Ion sensor seq. switch - SEQ. 1
3. Wait 1 to 2 min for booms to fully extend
NOTE: Opening of the sensor covers prior to full boom extension may cause the
booms to jam inside the retro adapter section.

4. Ion Sensor mode switch - ON (Must remain ON br FDI until completion of exp.)
5. Ion sensor seq. switch - SEQ--2
6. Bus Arm switch - SAFE.

MODE B - Ambient data accumulation
1 Platu'lr m - ORB Rate and aligned
2. Computeir- PRE LN

3. Attitude Control - PLAT

4. ION Sensor mode switch - FDI



16

5. FDI Scales - III

6. Hold spacecraft attitude-at zero in allaxes for 10 min

NOTE: Mode B should be'nIlone three times; once each at the northernmost orbital

latitude, the southernmost orbital latitude, and at an equatorial crossing.

MODE C - Rloll attitude stud'

1. Platforn - ORB RATE and aligned

2. COMPUTER - PRE LN

3. Attitude control - PULSE

4. Ion Sensor mode switch - FDI

5. FDI Scales - III

6, Roll 720 dog at about 3 dog per sec,, holding pitch and yaw to zero

7. Voice record crew commentary about FDI needle movements

NOTE: Mode C should be done twice: once in daylight, once in darkness.

MODE D - Pitch attide study

1. Platform - ORB RATE and aligned

2. Computer - PRE LN

3. Attitude control - PULSE

4. Ion Sensor mode switch - FDI

5. FDl scales - HI

6. Holding both yaw and roll to zero deg pitch from 20 deg down to 40 clog up at
0. 1 deg per sec

7. Holding yaw at 5 deg left and roll to zero, pitch from 40 deg up to 20 dog down

at - 0. 1 deg per sec

8. Holding yaw at 5 deg right and roll to zero, pitch from 20 clog down to 20 deg

up at - 0. 1 deg per sec

9. Voice record crew commentary about FDI needle movements.

NOTE: Mode D should be done three times.

MODE E - Yaw attitude- study

1. Platform -ORB RATE and aligned

2. Computer - PRE LN

3. Attitude control - PULSE

4. Ion Sensor mode switch - FDI

5. FDIscales - HI

6. Holding both pitch and roll to zero deg, yaw from 20 dog right to 40 left at

0. 1 dog per sec

7. Holding pitch at 5 deg down and roll to zero, yaw from 40 deg left to 20 deg

right at - 0. 1 deg per sec

8. Holding pitch at 5,deg up and roll to zero, yaw from 20 cleg left to 20 dog right

at ; 0. 1 deg per sec

9. Voice record crew commentary about FDI needle movements.



17

NOTE:, Mode E should be done three times.

MODE F - Photo emission effects

1. Platform - ORB RATE and aligned

2. Computer - PRE LN

3. Attitude control - PLAT

4. Ion Sensor mode switch - FDI

5. FDIScales - HI

6. Hold spacecraft attitude at zero about all three axes from 5 miin before sunrise

to 15 min after sunrise

7. Voice record crew commentary on FDIneedle movements.

NOTE: Mode F should be done twice.

MODE G - Random data accumulation

1. Ion'Sensor mode switch - ON

2. At least 6 hr of data acquisition is requested. Drifting flight is preferred.

MODE H - Translation thruster effects

1. Platform - ORB RATE and aligned
2. Computer - NAV (CTCW-UP)

3. Enter the following into the computer:

25:000u

26:00000

27:00000

4. Attitude control - PULSE

5. Ion senior mode switch - FDI

6. FDI scales - HI

7. Control S/C attitudes to 00, 0"; 00
8. START COMP - PUSH

9. Holding 0, 0, 0", Fire the UP/DWN and LEFT/RIGHT translation thursters

briefly

10. Read address 80 from the computer

11. Translate aft to null address 80

12. Voice record crew commentary on FDI need.e movements.,

NOTE: The thruster firings in this sequence will probably destroy the sensing

system. Hence, this mode will-be the last performed.

5.1.2 INTEGRATION OF OPERATIONAL PROCEDURES INTO THE

FLIGHT PLAN

The procedures for power turn-on, extension of booms, etc., were sub-

mitted to the Detachment 2 Office, SSD, approximately one year before flight. At

the same time the. desired in-flight maneuvers were also submittedtogether with

information on the priority of the various operations. A number of discussions

0



were held between representatives of SSD Det. 2,Office and AFCRL scientists
and engineers. Certain compromises were, made concerning the duration and

time sequencing of the in-flight tests-which we are not in a position to comment on.

5. 1 3 INTEGRATION OF EXPERIMENT INTO MISSION PLAN

Apart from our original submission designating the most desirable spacecraft

maneuvers and their -priority for the evaluation of the D-10 experiment, we had a

few brief discussions with our representatives at the SSC Det. 2 Office, Houston,
on the mission plan.

5.2 A,,,tmnat'rrainwg
5.2. 1 SCHEDULE AND DISCUSSION OF FORMAL BRIEFINGS

A formal briefing, ofapproximately one hour duration, was conducted with,
the Astronauts by one of the D-10 experimenters approximately one month before

flight.

5.2.2 SCHEDULE AND DISCUSSION OF FORMAL TRAINING

We arenotaware of any formal training,given to the Astronauts relevant to

the D-10 experiment.

.5.2.3 INFORMAL DISCUSSIONS AND TRAINING

The D-10 experimenter group had an opportunity to discuss for about one-half

hour following the formal briefings, the specific maneuvers and their objectives

with the Astronauts as well as to aiswer their questions.

5.2.4 USE OF MOCKUPS, TRAINING EQUIPMENT, TRAINERS AND
SIMULATORS

While the Astronauts had seen the model of the D-1O experiment, no'trainer

or simulator was used. Wedo feel, however, that for future flights a much better

contact between the scientists and the Astronauts concerning the operations and

the consequences of their modification in flight, a better understanding of the ob-

jectives, and the use of simulators or other training equipment would be very

helpful to both the Astronauts and to the success of the experiment.

5. 2.5 PARTICIPATION IN PRE-LAUNCH FLIGHT SIMULATION

Members of the experimenters group were present at pro-launch flight sim-

ulations of the total spacecraft.

5.3 lis.A,on at. Fl'o%,,n

The procedures in flight differed consideikably from the planned mission pro-

cedures outlined above. This was due to a vai'iety of factors; for example, certain
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of the experiments, such as the EVA (Extra-Vehicular Activities), and other ma-

neuvers not associated with the D-10 experiment consumed more time than orig-
inally planned. Minor difficulties that occurred in flight also affected the sequence
of the operations for the mission. This type of flexibility will always be necessary

on a manned flight; it is essential to the welfare of the Astronauts and to the suc-

cess of the mission.
The pre-flight Gemini X mission called for approximately 11' hours of D-10

experiment time with approximately 3 hours of controlled maneuvers. The in-
flight period was very close to this; the total number of operating hours for D-10
was 12, with 4 hours of controlled maneuvers. The equipment performed very

well in flight.

6. FUGHT TEST I-RESULTS

The ion attitude sensing system was flown initially on the Gemini X space-

craft in August of 1966. The experiment functioned very well. It was operated for

approximately 12hours, including 3 I/2:hours when the inertial platform was also
operating. The mission, as planned, is given in the previous section; it can be
seen that it consisted of many specific in-flight maneuvers, including:

a. Yaw angle study which consisted of maintaining roll and pitch fixed
and varying yaw from 0 to +40 deg right to 40 deg left at a rate determined by the
bandwidth of the telemetry system and the-ability of the Astronauts to control the

spacecraft motion.
b. A pitch study similar to the yaw study.
c. A roll study similar to the yaw study.

d: Investigation of the vehicle wake properties as well as the measure-
ment of the ion density as a function of position around the spacecraft.

e. Determination of effect ofspacecraft thruster firings on the expeio-

iment outputs.

f. The determination of the influence of the environmental factors on the
measurements, such as photoemission. Photoemission effects can best be deter-
mined near local sunrise and sunset.

g. The determination of the environmental positive ion concentrations
along the spacecraft orbit.

Both the post-flight analysis of the transmitted data, examples of which

'are given in Figures 13 through 15, and the Astronauts' in-flight comparison of
the ion sensing system with the inertial guidance system on the flight director's
indicator show that the two systems agreed in absolute magnitude very well in

'II
t
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both pitch and yaw. This statement holds for the conditions (including angular

range) for which the D-10 experiment was designed.

+207'- -"-, I I I I...I -'

Yaw O41
Angle

- 100

-20

+- oo- - ..

"-0-.-. Inertial Sensor

Yaw --Angle O°

eeo 1lm

-10 "

2 30940 -231040 231140 231240 231340 231440

Time from Launch (seconds)
Figure 13. Example of Simultaneous Measurement of Yaw Angles by, Means of the
Ion and Inertial Systems vs Time From Launch (sec) - Gemini-10

In particular, the response of the Air Force D-10 Experiment to variations
in angular position was extremely rapid; of the order of milliseconds. The yaw

measurement results, as illustrated in Figures 13, 14, and 15, show that the
magnitudes of the angles at a given time agree within the experimental error'of the
systems. The inertial yaw measurement accuracy is of the order of 2 deg. With
the angular range of ± 20 deg, the ion yaw accuracy for the Gemini D-10 is of the
order of ± 0. 5 deg. The inertial data shown on Figures 13, 14, and 15 also illus-
trate characteristics that introduced difficulties in the manual control of the
spacecraft. For example, ;when the yaw angle was varied, an 8-sec delay occurred.

The step-like variations in yaw angle giving jumps of the order of 1 to 1. 5 deg
in the inertial measurement were partly due to the synchronous detectors used in
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Figure 14. Comparison ofSimultaneous Measurement of Yaw Angles by Means
of Ion and Inertial Sensors vs Time From Launch (sec) - Gemini-10

the inertial guidance system and partly due to the manner in which the data was

digitized through the telemetry system.

It is obvious that the addition of an ion yaw sensor would significantly improve

existing attitude systems, primarily because of the slow response time and the

relatively laigb&-nacciracies inthe present inertial yaw measuring techniques.

The existing ,nertial system.rLuires about 40 min to stabilize and warmn-up after

power turn-on. This is partly due to the electronic circuitry and to the nbcessary

go
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Figure 15. Comparison of Simultaneous Measurement of Yaw Angles by Means of
the Ion and Inertial Sensors vs Time From Launch (sec) - Gemini-10

adjustments~of the inertial platform. On the Gemini X mission, the Astronauts

found that using the ion yaw angluar measurements decreased the time for the

platform alignment by about two thirds.

Illustrations of the simultaneous measurements of pitch angles obtained from

the ion and inertial systems are given in Figures 16 and 17. It-is seen that- the

absolute 'values of the angles agree within k, 5 deg over the angular range ± 20 deg.

If one restricts the yaw angle to under 13 deg, the agreement is within 0. 5 deg.

This is because of the location of the sensors on the spacecraft; when the yaw an-

gular position was beyond +13 deg, an error was introduced due to'shadowing from

the vehicle.

The mounting limitations imposed by a fully designed spacecraft were discussed

prior to flight by the AFCRL experimenters and SSD-Det No. 2 coordinators at the

Manned Spacecraft Center. This result does illustrate that the proper mounting

of ion sensors is very important for precise angular measurement.

A good example of the relative response time for these systems is seen in

Figure 15 betweeh I6 hr 0 min and 66 hr 5-fnin. While the individual maximum

and minimum pitch agree very well, the fast response of the ion sensor makes it
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easy to detect angular changes. Operationally, this should be of particular im-
portance in conserving thruster fuel and under conditions where rapid angular

determinations are necessary.

As illustrated in Figure 18, which gives AO (the difference between the iner-
tial and ion sensor measurements as a function of the roll angle, variations in roll
do not affect yaw or pitch measurements. This is consistent with the theory an d

-the design of the D-10 experiment.

GEMINI X

80
s

60

40

30

- 140

0

T %20

0 0& -40

-10 0

*a
~-80

0

0

-120
-10 -5 0 5 10

&#a Inertial Yaw-
Ion Yaw (degrees)

Figure 18. Illustration of Independence of Ion Sensor Yaw Measurements on Var-
iations in Roll Angle
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The results given in Figure 19 show that within the range 180 ± 20 deg, the

experiment also functions; that is, there is good agreement between the ion sen-

sors and the inertial guidance output. The e3.periment can, therefore, operate in

the-forward or aft direction. This will be discussed further in the discussion of

Gemini XII results where a greater amount of this type of data was obtained.

to

4,,

go + 4

2

23250.00 23280.00 23310.00 23340.00 23370.00
ELAPSED TIME{XI 1

0

,INERTULI SIMSOR

n 3o)o 33on 34oo 1300

ELAPSED T114FIXlO0

Figure 19. Comparison of Simultaneous Measurements of Pitch Angles by Means
of the Ion and Inertial Sensors in the Vehicle Wake (1180 ± 20 (log)
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The env3xonmental positive ion density along the satellite orbit was also ob-
tained dontinuously on this flight. Four simultaneous measurements were obtained
from the four electrometer outputs. The charge density is determined fromthe

relation

i
N x (8)

a A e IVI cos O

where

i : electrometer current.

a x transmission loss of the grid system, experimentally determined

A • aperture area

e - particle charge

V vehiclevelocity

0 - the angle between direction-of motion and the normal to the plane of the

sensor.

0 was determined independently from the inertial measurements. Eight independent

calculations of N were therefore obtained. The eight density calculations obtained
simultaneously show remarkable agreement, as indicated in Figures 20A t hru
20H. This held true independent of the direction of motion with respect to the

position of the D-10 experiment. A discussion of the dependence of the charge

density on latitude and altitude will be given in the discussion of Gemini XII

results.

Otle of the experimental operations (Mode G) was to fire critical thrusters

that wer e pointing most closely in the direction of the pitch and yaw sensors to

determine whether thruster firings affected the D-10 operation. As illustrated

in Figure 21, the thruster firing did-vary the attitude of the spacecraft, as ex-

pected, and consistent with the simultaneous inertial guidance measurement

changes. The measured charged density also varied for a fraction of a second;

however, no deterioration of the D-10 experiment sensors occurred-as a result

of the firings.
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Figure 21. The Effect of Thruster Firings on Yaw Angular Measure-
ments and Yaw Current Measurements as a Function of Time. Form
of data determined by the real-time telemetry system - Gemini-10

7. FIGTH I, IGT IIAN

The second flight test of the D-10 experiment took place on Gemini XII, -the
last flight of the Gemini series, in,November 1966.

the missionas planned'and the astronauttraining were identical to those de-

scribed in 5. 1 and 5. 2 for Flight, Test I on Gemini X and will not be repeate'd here.

The experiment was operated for over 30 hours in flight, considerably longer

than the olanned experiment time (see discussion of the mission plan for Flight

Test I). This came about partly to aid the ground crew in ascertaining the attitude

of the vehicle during the periods When the inertial guidance system was turned off.

A real time station for D-10 was set up at Mission Control for the Gemini XI

flight. The experimenter was on hand to evaluate the system in real time and to give
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inputs to the mission control at times when the inertial guidance could not be op-

erated. This also allowed for real time comparison of the inertial and ion attitude

sensing system. The real time data link worked very well.

Deviations in theplanned maneuvers were'duepartly to loss of critical thrusters,

reduction in the fuel capacity, and the usual flexibility that must be allowed for in

any manned flight. Afterthe flight, it was difficult to deduce the actual sequence

of flight maneuvers for Gemini XII. However, according to the Astronaut's in-

flight log, on-board voice tapes, and the magnetic data tapes, the experiment was

operated for approximately 33 hours. Specific maneuvers for comparison of the

inertial and the ion attitude sensing system were conducted for at least 6 hours.

The equipment worked very well throughout the flight.

8. FI.fC.HT 'E'r II -RESUILTS

The second test of the D -10 ion attitude sensing system was made on Gemini

XII in November 1966. Power was apfplied-to the experiment for slightly over 30

hours on Gemini XII; for 13,hours the inertial guidance system was also opera tive.

Thus, on Gemini XII a great deal ofdata was obtained, including a comparison of

the-pitch and yaw angles on the ion attitude and inertial systems, the distribution

of environmental positive ion along the spacecraft orbit, and an accurate description

of the charge particle distribution around the spacecraft including the vehicle wake.

The GeminiXII flight data were also analyzed to determine the relative motion of

the earth with respect to the mean ion drift motions.

Specific in-flight maneuvers included yaw, ,pitch, roll studies, effects of photo-

emfission, andother environmental factors on the sensors. The effect of space-

craft thiruster firings on the experiment was determined. The Gemini Y-(Flight

Test I) mission outline given above provides an outline of these operational'

procedures.

The experiment operated extremely well throughout the power-on period. Over

the angular range for which the ion attitude experiment was designed, thepitch and

yaw measurements obtained by both the io-,isensor system and the inertial guidance

system were within the experimental error of both systems. Post-flight anpiysis

showed that the pitch 'angle results agree within ± 0. 5 deg. Comparison of/yaw

angles over the same angular range indicates an agreement within ± 1. 5 deg. It

should be notedthat the inertial guidance system has an accuracy in yaw of the

order of ± 2 deg.

Examples-of yaw measurements obtained simultaneously by both the ion sen-

sor and the inertial system are illustrated in Figures 22 and,23. The time is
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given as elapsed time from launch. The faster response of the ion sensor can be

seen in these figures. The same interpretation of this effect holds as that given

for the experiment flown on Gemini X.
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Examples of pitch-angle measurements obtained simultaneously by the inertial

and ion sensors are given in Figures 24 and 25 for the Gemini-XII flight. At a

given'time it'can be seenthat the agreement between the two systems is of the

order of ± 0. 5 deg over the range ± 20 deg.

i / \

--,o. A X I

.. •

Figure 24. Comparison of Simultaneous Measurements of Pitch Anq16b.
by Means of the Inertial and Ion Sensors vs Time From Launch (see)-
Gemini-12

I I
I
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the fact that variations in spacecraft roll position do not affect the yaw or pitch
measurements. The Gemini flights also demonstrated, as illustrated in Figure 26,
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that the experiment functions in the reverse direction as well as in the for-

ward direction. We believe this unexpected result wasdue to the fact that the sen-

sors were mounted away from the,spacecraft on a boom. The ratio of the velocity

of the spacecraft to the mean ion thermal velocity was therefore greater than the

theoretically operable limit for the system. This is a potentially important result

because pitch or yaw attitude measurements may be obtained throughout a 360 dog

range with a single sensor. This charact6ristic would be of importance in prep-

aration for re-entry, forexample.
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Figure 26. Simultaneous Measurements of Pitch Angle by Means of the Inertial
and Ion Sensors in the Vehicle Wake Region

It was noted earlier that on the GeminiXII mi :sion, a real-time station for

the D-10 experiment was set up at the Manned Space Flight Center, Anlunexpected

opportunity for the in-flight application of the ion sensor occurred during the

Gemini XII flight. Shortly after experiment turn-on, the on-board inertial com-

puter was turned on in the angular measurement mode.
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During the real-time comparison of the twosystems, their outputs 'for both

pitch and yaw agreed within a fraction of a degree. This verified accuracy of the

ion sensor system proved v 'ful later in the flight when fuel cell degradation oc-

curred and the inertial system had to be turned off to conserve fuel. The D-10

experiment was then utilized by mission control as a check on the-spacecraft at-

titude and for updating the mission-flight plan.

It was also demonstrated on Gemini XII that the-firing ofvarious spacecraft

thrusters, those directed toward the sensors and other operational thrusters, did

not influence the operation of the D-10 experiment. The rapid response tiiie of

the D-10' experiment shows'that it could be particularly valuable for docking, for

special operations such as photography. or in any flight-maneuvers where fine

contr01bf the spacecraft attitude is desirable.

An example of the variation of positive ion density obtained during a complete

orbital period is illustrated in Figure 27. The large variations in charge density

fror 10 to 106 per:cm 3 on a given orbit are due largely to changes in production

on the night and day side of the earth. This result demonstrates that the D-10

type experiment could be a valuable tool for determining the variations in the

world-wide distributions of positive ions during a period of rising solar activity.

Consistent with the Gemini X results discussed earlier, the calculations of

the charged densities from the simultaneous outputs of the four electrometers of

the Gemini XII D-1O experiment, using either the inertial or ion attitude angles,

are in very good agreement. This result is illustrated in Figures 28 A through H.
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Figure 27 A. Ion Density (io/cm3) vs Time From Launch (sec), One Orbit of
Gemini-12
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Figure 27 B. Geographic Latitude vs Tine From Launch (see), on
One Orbit of f emini-12
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Figure 27 C. Altitude (kin) %,s Time From Launch (sec) on One

Orbit of Gemini-12
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Figure 28 D. Positive Ion Density (no/cm ) vs Time From Launch
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Figure 28 E. Positive, Ion Density (no/cm3 ). vs Time From Launch
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An example of the measurement of the distribution of iorkization as a.function

of position around the spacecraft is given in Figure 29. This figure shows that the

charge density decreases by over an order of magnitude in the -180 deg position

(the wake region). A separate scientific report will be written on the significance

of the distribution of charged particles as a function of position about-the space-

craft in the altitude region where free molecular flow:4xists.

INERTIAL pIc
0.

ION DENSITY no./cml.-

gos! 900

-12200

I00

Figure 29. Example of the Measurement-of the Distribution of Ion-
ization -as a Function of Position Around the Spacecraft - Gemini XII

It was anticipated and noted in the pre-flight 'mission plan that thruster firings,

specifically thrusters 14 and 16, might adversely affect the D-10 operation. These

thuirsters are fired in the direction ofeither the pitch or yaw sensors. In Figure 30;

it is seen that, as expected, the firings did change the attitude ofthe vehicle. This

is confirmed by the inertial results. The firings also change,-the charge defisity

for~a period of approximately 2 sec. However, the density, changes did not affect

the angular measuremement and no deterioration of the D-10 sensors was observed.
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Figure 30. llustration of the Effect of Thruster Firings on Pitch
Angle and on Pitch Electrometer Currents as a Function of Time.
Form of data is determined by the real-time telemetry system -
Gemini-1-2

From the post-flight analysis of the expe'imental results, the dependence of
ion angular measurements on latitude could be determined. In the case of Gemini

XII, the geographic latitude range was approximately ± 30 deg. Any systematic

variation in A0, the difference between the inertial and ion attitude ion measure-

ments, over this latitude range would indicate variations in the mean ion drift

motions in the F-region, along the spacecraft trajectory. Only angular (pitch or

yaw) measurements obtalned over the range ± 20 deg were selected for the anal-
ysis, at 5 deg intervals. The results, as indicated in Figure 31 giving latitude vs
A0, do not show a significant dependence on geographic latitude (± 30 deg). The

'result, implies a negligible influence of iondrift motion on latitude over the geo-
graphic region investigated . A detailed discussion of the significance of these

results will be given in a separate scientific report.

IJ
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Figure 31. Geographical Latitude (deg) vs A0,;
AO - Inertial Minus Ion Pitch Angles

9. CONCI.IISIONS

The results of the D-10 experiment flown on Geminis X and XII:show that it is

possible to measure pitch and yaw angles to within a fraction of -1egree utilizing

environmental'ions. This conclusion is based on the results obtained during 45 hr

of operation. During this period specific maneuvers were carried out to determine

the effects of photo-emission currents, the effect of pitch and roll on yaw maneu-

vers, the effect of yaw and roll on pitch maneuvers, etc.

The res'ilts als6'demonstrated the degree to which the-Astronauts could con-

trol the motion of the spacecraft. They showed that the firing of lateral thrusters

directly into the sensors did not affect the operation for more than a fraction of a

second. The response time of the ion attitude (D-10) system was found-to be much

more rapid thar.'the inertial guidance-system (milliseconds compared to seconds).
The flight results also showed that the use of the ion attitude sensing system

could considerable reduce the time required for special maneuvers such as docking,



47

and for photography, re-entry, etc. On Gemini XII for example the Astronautc

reduced the time required to align the inertial platform from 40 to approximately

5 min by using the ion pitch and yaw sensors as a reference. The yaw sensing

part of the system is particularly valuable because no other instrument exists that

can directly give spacecraft yaw.

One of the Astronauts indicated'that he observed a transient in the ion sensor

"Flight Director Indicator" foi" a fraction of a second when certain thrusters were

turned on. This could not be detected in the real time transmitted data nor in the

tape-recorder play-back. The latter data is played back at the rate of once per

second. A transient could be due to current surges or ground loops in the elec-

trical circuits resulting from varying spacecraft potential or to transients in the

power ground lines at the time of firing. Ground tests could be designed to deter-

mine the exact source of any transients and-proper filtering could be introduced in

future ionattitude systems.

The Gemini X and XII results indicate that the use of a horizon detector to-

gether with pitch and yaw sensors would give a complete description of the space-

craft position and attitude. Furthermore, with the addition of a servo-type system

it could be utilized to provide a completely automatic attitude control system. It

would be applicable from the lowest satellite altitudes up to at least 10 earth radii.

The results also showed that by transmitting output voltages from the individual

electrometersof the system, the charge density along the trajectory of the satel-

lite could be determined. This would be very useful in determining phenomena

that occur in manned or in'unmanned spaceflight.

If a sweep voltage were periodically applied to the appropriate grids of the

sensor, the spacecraft potential with respect to the undisturbed environment could

be measuared. The value of the spacecraft potential has,been of special interest to

those interested in manned spaceflight. The measurement of spacecraft potential

is always incorporated in our unmanned satellite- experiments where the properties

of thermal charged particles are studied.

The Gemini X D-10 resultsalso showed that there is no significant systematic

change in the ion drift motion;with latitude over the range of ± 30 deg (Gemini

spacecraft latitude). This demonstrates that for precision attitude determination,

one (oes not need to take into account a mean ion drift motiofi as a correction to

the measurement. We have not completed the analysis of D-10 Gemini XII data;

however, this appears to hold true for this flight also. This latter point will be

discussed fully in future scientific reports,
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r10. IKOEiN)II'*I)ATIOm

The ion attitude sensing system developoia by AFCRL with the support of OAR,

SSC, Research and Technology Directorate, and the Manned Spacecraft Center,

and which was flown successfully on Geminis X and XII, can be a very valuable

tool for -future space flight. A manually controlled attitude system could be de-

vised from the proper combination.of pitch and yaw sensors together with-either

orbital information or a horizon scanner. The system could be made fully auto-

matic by transmitting the output to reaction wheels, a servo system, liorquing coils,

etc.

As shown in Table 1, it has a very rapid response time, light weight, small

power consumption, long lifetime, reduced volume, and lower cost. A compar-

ison of the characteristics of the ion attitude sensing system and the inertial

system used on Geminis X and XII is-given in Table 1.

Table 1. Comparison of Ion Attitude Sensor and the Inertial
System Characteristics, Gemini X and XII

Inertial b-10 System Improvement

1System Factor

Response Time 1 sec J msee 1,000

Weight 750 lb 15 lb 50

Power 150 W 3. 0 W 50

Lifetime - 14 days >I year infinite
(mechanical)

Volume 3 cu ft 0.2 cu ft 15

Cost $ 1, 500, 000 $ 30, 000 50

It is recognized-that the relative cost, complexity, etc., would vary for either

system depending upon the accuracydesired, for example. The D-10 system in-

cludes the development cost of a new system. Deperiding upon-the required accu-

racy, angular range, and quality, its cost could be-significantly reduced. The fast

response time is a particularly important attribute of the ion sensing system for

special in-flight maneuvers. For long-lived spacecraft, the low weight and-power

consumption of the D-10 type system are very desirable. Its use would also be of

particular importance on satellites where reliability and low power and fuelcon-

sumption are -necessary.
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Specific applications of the D-10 experiment alone or with the addition of a
horizon scanner and servo system are given in Table 2. It has been noted that
crude gravity gradient stabilization and magnetic stabilization systems exist. They

tend, however, to be directed toward specific scientific objectives determining the
pitch angles of incoming energetic particles. They are not particularly suited to
attitudc control of manned or unmanned space vehicles.

Table 2. Potential Applications

I1. Yaw measurements for rockets and satellites
(accuracy: fraction of a degree).

2. Complete-attitude systeriv--including pitch, roll,

and yaw-with addition of horizon scanner

manned spacecraft

for: unmanned spacecraft

manual control

automatic control.

3. Attitude sensing foi- supersonic transport vehicles.

4. Space -maneuvering applications:
docking, re-entry, photography, etc.

On the basis of our experience with the D-10 experiment on Gemini X and XII

spacecrafts, certain recommendations and comments can be made:

(1) The attitude sensing system should be on the main spacecraft, not on the

aft section. The aft section must be removed before retrofire, which

means that it could not be used in re-entry maneuvers.

(2) The electronics and sensor units were mounted~on a complicated boom;

this was necessary because of the integration constraints on-the aft sec-

tion. On future vehicles it would-be desirable to nount the electronics

package in the, spir'cecraft and place the sensors on simpler booms at ap-

propriate points outside the vehicle. They could be retracted during other

extra-vehicle activities if necessary. Booms would not be required on

vehicles where sensors could be appropriately positioned. It should be

noted that common electronics could be used for pitch and yaw and for

both the forward and reverse direction measurements. They would

considerably reduce the cost of the total system.

(3) The precise positioning of the sensors is important in the design of the

experiment. This depends on each mission objective. For large look-

angle requirements (approximately ± 90 deg) the sensors could be mounted

forward in the main capsule where the vehicle shadowing is significantly
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reduced. The pitch and yaw measurements are independent of roll; how-

ever, if the sensors are not mounted properly, a pitch variation will af--

fect the yaw measurement and vice versa. This was demonstrated on the

maneuvers conducted on Gemini spacecrafts X and XII.

(4) It has been noted that pre-flight briefings with the Astronauts to discuss

the performance, objectives, emergency operations, etc., of the system

are very important. More time was spent with the Astronauts before the

Gemini XII flight then'before the Gemini X mission. This additional

briefing time contributed significantly to the increased performance of the

Astronauts in carrying out the various maneuvei-s required to evaluate

the ionattitude system. Nevertheless, increased preflight participation

of the Astronauts would be desirable. This should include simulation

procedures with the experimentor. Post-flight analysis has shown that

the specific mission tests were not usually met during inflight maneuvers.

In the case of the D-10 experiments, this did not degrade the quality of
the results. It did, however, make it much more difficult to analyze,

evaluate, and interpret the data. For example, when the Astronauts

were carrying out a pitch maneuver, they were usually also varying yaw

and roll. Although some of this is inherent in limitations of spacecraft

control, angular limits could h-ive been given which could have aided the

Astronauts and reduced the time required for data processing and eval-

uation of results.
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